Jak-Stat signaling in Th1 and Th2 differentiation
The two major subsets of CD4 + Th cells, termed Th1 and Th2, secrete mutually distinct profiles of cytokines and thereby coordinate different classes of immune response (4) . Th1 cells secrete IL-2, IFN-γ, and TNF-β, whereas Th2 cells produce IL-4, IL-5, IL-6, IL-10, and IL-13. It is now well accepted that Th1 cells are critically involved in the generation of delayed-type hypersensitivity responses, whereas Th2 cells can direct B cells to mount strong humoral responses. Polarization of an immune response toward a Th2 phenotype, while extremely useful in the clearance of parasites, may prove harmful if directed against an otherwise innocuous environmental antigen, as occurs in the pathogenesis of allergic diseases like asthma.
The Th2 cytokines, primarily IL-4, IL-5, and IL-13, control all the major components that characterize an inflammatory asthmatic response, including IgE isotype switching, mucus production, and the recruitment and activation of eosinophils. The involvement of Th2 cells in the pathophysiology of asthma has been corroborated by studies in both humans and mice. The population of Th2 cells is notably expanded in the airways of asthmatic subjects, and presence of these cells correlates with AHR and airway eosinophilia (2) . Work in murine models of AHR confirms this correlation and demonstrates that adoptively transferred antigenspecific Th2, but not Th1, cells can mediate airway eosinophilia, mucus hypersecretion, and AHR when recipient mice are exposed to inhaled antigen (5) .
The cytokines IL-12 and IL-4 direct the differentiation of Th1 and Th2 cells, respectively, from naive T helper cells (6, 7) . Genetic studies have confirmed the physiologic importance of these cytokines in vivo. Mice deficient in either IL-12 or the IL-12 receptor (IL-12R) are unable to mount Th1 responses, while mice lacking IL-4 or the IL-4 receptor α (IL-4Rα) chain display defects in the generation of Th2 responses (8, 9) . Indeed, IL-12 and IL-4 not only drive the expansion of their corresponding Th subset but simultaneously block the generation of the opposing subset. Given the importance of IL-4 and IL-12 in controlling Th differentiation, much effort has been placed over the past few years in dissecting the mechanisms by which these cytokines mediate their actions. These studies have revealed that, like most other cytokines, IL-4 and IL-12 activate the Jak-Stat signaling cascade discussed elsewhere in this Perspective series. In this signaling pathway, binding of a cytokine to its receptor leads to the activation of members of the JAK family of receptorassociated kinases. These kinases subsequently activate, via tyrosine phosphorylation, preexistent cytoplasmic factors termed Stats (signal transducer and activator of transcription). Tyrosine phosphorylation allows the Stat proteins to dimerize and translocate to the nucleus, where they mediate changes in gene expression by binding specific DNA elements.
Although both IL-4 and IL-12 follow this basic signaling framework, the two cytokines differ in the specific Jak and Stat components that they activate (10) . IL-4 stimulates Jak1 and Jak3 to activate Stat6. In contrast, interaction of IL-12 with its receptor leads to the activation of Jak2 and Tyk2 and the subsequent phosphorylation of Stat4. Activation of Stat6 and Stat4 are thus critical events in the signaling cascades of IL-4 and IL-12, respectively. Given the pivotal roles of these two cytokines in skewing Th cells toward either a Th2 or a Th1 phenotype, it is not surprising that Stat6 and Stat4 control multiple aspects of the Th differentiation programs, as shown in Figure 1 and detailed below.
Stat6 in Th differentiation
The importance of Stat6 in Th2 cell differentiation has been confirmed by the generation of Stat6-deficient mice (11) (12) (13) , which fail to mount Th2 responses either in vitro -in Th differentiation systems -or in vivo, upon infection with parasitic pathogens that elicit Th2 responses. Th2 memory cell development and survival are dependent on Stat6 (14, 15) , whereas Stat6-independent pathways of IL-4 production seem to contribute only to the initial responses mounted by naive T cells, rather than to the later regulation of the Th2 population. Stat6 appears to be not only necessary but also sufficient to drive Th2 differentiation, since introduction of constitutively active forms of Stat6 results in the expression of Th2-type cytokines even when this form of Stat6 is expressed in cells already differentiating toward a Th1 phenotype (16, 17) .
Stat6's role in Th2 differentiation is not confined to activating and silencing the expression of specific cytokines but extends to other aspects of the distinctive pattern of gene expression found in Th2 cells, including the heightened expression in these cells of the chemokine receptors CCR4 and CCR8 (18) . Stat6-deficient T cells are significantly impaired in their ability to expand upon IL-4 stimulation, thus implicating this transcription factor in IL-4-driven proliferation as well as differentiation (17, 19) . This defect is due to a block in the progression from the G1 to the S phase of the cell cycle and correlates with an impaired ability of Stat6-deficient T cells to downregulate the cell cycle-dependent kinase inhibitor p27 kip in response to IL-4 stimulation. In parallel with its induction of Th2-specific gene expression programs, Stat6 appears to suppress Th1-specific pathways. Indeed, generation of mice deficient in both Stat4 and Stat6 has revealed that in the absence of Stat6, Stat4-deficient CD4 + T cells can differentiate into Th1 cells (20) . This effect is Following antigen presentation, a naive CD4+ T cell will differentiate along the Th1 or Th2 pathway, depending on the nature of the cytokines it contacts. Signaling through the IL-12 receptor (red pathway) and its associated Jak and Stat proteins culminates in the expression of Th1-specific gene products, particularly the cytokine interferon-γ (IFN-γ) Conversely, IL-4 activates a distinct receptor complex, containing different Jaks and Stats, and favors the expression of Th2 cytokines and other gene products (black pathway). These pathways can regulate one another at the transcriptional level. In particular, the transcription factor GATA3, whose expression is induced by IL4 signaling, is essential for the transactivation of other Th2-associated genes, such as those for Th2 cytokines and chemokine receptors. Another transcription factor, T-BET, is induced by IFN-γ (and therefore indirectly by IL-12 stimulation) and also favors expression of this cytokine -thus establishing a positive feedback loop that supports Th1 polarization. In addition, T-BET silences expression of Th2-associated genes. Polarization toward the Th2 response leads to the expression of various cytokines -IL-4, IL-5, IL-6, IL-10, and IL-13 -that contribute to the pathologies seen in asthma.
not detected in mice deficient for Stat4 alone, suggesting that the presence of Stat6 blocks the ability of Th cells to acquire the Th1 phenotype.
The mechanisms by which Stat6 controls Th2 differentiation are complex and involve subtype-specific induction of specific transcription factors, as well as changes in the chromatin structure and the pattern of cytosine methylation at the IL4 locus. Th2-specific factors like GATA3 and c-maf synergize with NFAT and AP-1, which are more broadly expressed (6, 7) 
Stat4 in Th differentiation
While activation of Stat6 in response to IL-4 is critical for the generation of Th2 responses, activation of a different Stat, Stat4, skews Th cells toward the Th1 phenotype following IL-12 stimulation. Phenotypic analysis of Stat4-deficient mice shows that activation of Stat4 is critical to this process. Stat4-deficient T cells are unable to produce high levels of the Th1 cytokine IFN-γ after exposure to IL-12 (20, 24) . Stat4-independent pathways of Th1 differentiation also exist, but, as mentioned above, their effects are seen most clearly in the absence of Stat6 (20, 24) . Recent studies suggest that Stat4 activation is particularly critical for the sustained, rather than the initial, production of Th1-type cytokines (15) . Stat4 also mediates the downregulation of the cell-cycle inhibitor p27 kip in IL-12-treated Th1 cells (19, 25) , allowing it (like Stat6) to control Th proliferation as well as differentiation.
As with Th2 cytokines, induction of Th1-specific cytokine gene expression requires epigenetic remodeling, as well as the induction of Th1-specific transcription factors like the recently described T-bet (26) . The precise mechanisms employed by Stat4 to mediate its effects on Th1 differentiation have not been fully delineated. In particular, it is unclear whether Stat4 activation participates in the induction of the Th1-specific factor T-bet, whose deficiency in mice has recently been shown to lead to the spontaneous development of airway changes characteristic of human asthma (15, 25, 27, 28) . Stat4 is reported to transactivate IFN-γ directly (29) , although additional factors are likely to be required for full expression of this cytokine (7). Activated Stat4 also blocks differentiation along the Th2 pathway by repressing expression of the Th2-specific factor Gata3 (30) , establishing yet another parallel between the role of Stat4 in Th1 development and that of Stat6 in Th2 development. Further progress toward understanding the physiological basis of the actions of these two Stat proteins will require the identification of the key targets of these two transcription factors.
The Jak-Stat signaling cascade in IgE regulation
Levels of IgE correlate with the incidence of atopic asthma in humans. The recent success of anti-IgE therapy in the treatment of atopic asthmatics also highlights the importance of this class of antibodies in human asthma (31) (Figure 2) . Work over the past ten years has detailed how cytokines (IL-4 and IL-13, in particular) induce the production of IgE and how other cytokines, such as IFN-γ, block this induction. IL-4 initiates signaling by oligomerizing the heterodimeric IL-4 receptor, which, in hematopoietic cells, is composed of the ligand-specific IL-4Rα chain and the common γ chain (γC) (32) . This oligomerization initiates signaling by activating Jak1 and Jak3, which associate constitutively with the cytoplasmic tail of cytokine receptor subunits (Jak1 with IL-4Rα and Jak3 with γC). IL-13 likewise binds IL-4Rα and can activate signaling through Jak1, but this cytokine also binds a more specific receptor subunit, the IL-13Rα1 chain, which associates with the Jak-family kinase Tyk2.
After binding of either IL-4 or IL-13, the activated Jaks phosphorylate tyrosines within the cytoplasmic domain of the IL-4Rα, which act as docking sites for Stat6. Phosphorylated Stat6 homodimerizes, translocates to the nucleus, and activates transcription of genes involved in B cell differentiation, including the germline Iε and Iγ1 genes in mice and germline Iε and Iγ4 genes in humans (33) . Induction of these germline promoters, and expression of the corresponding germline "sterile" transcripts, have been shown in mice to be essential for Ig class switching, recombination events that are required for the production of the various classes of secreted antibodies (33). Stat6 contributes to class switching to produce IgE and IgG1 (11) (12) (13) . In mice, IFN-γ, which acts via Stat1 to activate the transcription of many early response genes, inhibits the transcription of germline Iε and Iγ1 and thereby blocks B cell production of IgE and IgG1 (34) . This regulation appears to be mediated by the suppressor of cytokine signaling-1 (Socs-1), one of a new family of inhibitory Socs molecules defined by the presence of conserved SH2 domains and a novel motif termed a "Socs box" (35) . These proteins are induced by cytokines and appear to function in a negative feedback loop. Socs-1 can bind to all the Jaks and inhibit Stat activation. The ability of IFN-γ to inhibit IL-4 signaling seems to be due to the induction of Socs-1 and the resulting suppression of Stat6 activity (36, 37) .
A second inhibitor of Jak-Stat signaling implicated in atopic immune responses is Bcl-6, the product of a putative protooncogene that is rearranged or mutated in non-Hodgkin lymphomas. Normally, Bcl-6 functions as a transcriptional repressor, and it has been shown to bind to Stat6-binding sites, such as one found in the Iε promoter. Mice lacking Bcl-6 develop an inflammatory disease characterized by increased levels of IgE, Th2 cells, and mast cell infiltrates. Their B cells produce high levels of IgE (38, 39) , a phenotype that requires Stat6 expression by these cells (40, 41) . The importance of these regulators of Jak-Stat signaling in human asthma is still undefined.
Stat6 in asthma pathophysiology
In light of the extensive evidence that JAK-STAT signaling controls many of the physiologic events that are deregulated in asthma, several groups have pursued the role of this pathway in murine models of pulmonary inflammation and AHR. Most such studies have focused on Stat6, given its involvement in directing Th2 responses and IgE production (42) (43) (44) (45) (46) . Following allergen provocation Stat6 deficient-mice fail to develop a pulmonary Th2 response or AHR, and they exhibit no detectable increase in IgE production or in the number of mucus-containing cells. Because intravenous administration of IL-5 to Stat6-deficient mice restores the development of eosinophilia and AHR after antigen sensitization (46) , it appears that one essential role of Stat6 in the development of AHR is to drive Th2 responses and IL-5 production. Interestingly, different groups have reported distinct effects of Stat6 deficiency on the inflammatory infiltrate. Mice of the BALB/c background show only a 50% decrease in the eosinophilic infiltrate, whereas antigen-induced eosinophilia is completely blocked in Stat6-deficient C57BL/6 mice (42, 43) . Whether distinctions in sensitization protocols and/or strain background contribute to the differences reported remains to be established.
Recent reports suggest that the development of allergic pulmonary inflammation requires the activation of Stat6 not only in T cells, but also in the parenchymal cells of the lung (47) . Indeed, adoptively transferred antigen-specific Th2 cells from Stat6 +/+ mice fail to mediate allergic inflammation in Stat6-deficient mice. These defects are believed to be due to impairments of these Th2 cells to traffic to the lung, possibly because of defects in the production of chemokines like eotaxin, which control recruitment of Th2 cells. Another feature of asthma that appears to require Stat6 is mucus production: Stat6 -/-mice do not demonstrate goblet cell hyperplasia and have decreased mucus secretion in the ovalbumin-asthma challenge asthma model (42, 43, 48) . Again, transfer of antigen-specific Stat6 +/+ T cells fails to complement this defect, thus implicating Stat6 within the lung as a key mediator of mucus production (47) . Similar findings in terms of AHR have also been reported. It will be interesting to determine whether cell type-specific transcription factors can influence the effects of Stat6 within specific cell types, given that IL-13 has recently been shown to activate different gene profiles in distinct human airway cell types (49) . Taken together, all these studies strongly support the notion that Stat6 plays a central role in the pathogenesis of asthma.
Several groups have also investigated the expression and activation of STAT6 in asthmatic individuals. Peripheral blood lymphocytes from asthmatic and allergic patients do not display significant differences in the level of STAT6 activity relative to healthy controls (50), but these patients do have a higher density of STAT6-expressing cells in their airways (51) . Intriguingly, the density of these STAT6-expressing cells is significantly higher in atopic than in nonatopic asthmatics, although there is no significant difference in expression of the other characteristic Th2 transcription factors GATA3 and c-maf between these groups. One recent study of subjects with severe asthma confirms that such patients show significantly elevated airway levels of STAT6 and also identifies the major STAT6-expressing cell type in this tissue as the bronchial epithelial cell (52) . Hence, the microenvironment of asthmatic airways may contribute to deregulating STAT6 expression. Further studies will be needed to investigate the functional consequences of the enhanced expression of STAT6 in asthmatic patients and to determine whether deregulated Stat6 expression is indeed a critical distinction between atopic and nonatopic asthma.
